Stress genes are differentially expressed during the development of Neurospora crassa and other fungi. Large amounts of constitutive heat shock protein 70 (HSC70) are found in dormant conidia of N. crassa, whereas little mRNA of the related glucose-regulated protein (grp78) is detected. It is, however, not generally clear whether heat shock protein or mRNA is preferentially stored in dormant spores. Germinating spores of N. crassa increase the level of grp mRNA. During this developmental stage, the induction of inducible heat shock protein (hsp) genes can be elicited by heat shock only at certain times after the beginning of germination. Exponential growth (proliferation) is paralleled by increased levels of HSCs. The stationary state is characterized by decreased levels of some HSCs and increased levels of others. Conidiation in N. crassa is accompanied by a strong enhancement of the synthesis and levels of HSCs but also of HSPs after heat shock. This increase may serve a need for additional rounds of replication, for the expression and transport of sporulation-specific proteins or for stabilization of macromolecules in the spores and their preservation for germination. The control mechanisms involved in the differential expression of hsc genes are currently not known. z
Introduction
Stress genes are ubiquitously present in the genomes of organisms from bacteria to man (review: [1] ) and are generally highly conserved. Several stress gene families can be distinguished on the basis of their molecular masses and functions of their proteins [2] . The stress proteins are often termed heat shock proteins (HSP), because heat is one of the ¢rst [3] and best known inducers of stress gene expression. Physiologically even more important are constitutive isoforms of the stress proteins, the cognate heat shock proteins (HSC). These constitutive proteins^many of which also show enhanced synthesis after stress^are called molecular chaperones, because some of them^particularly the HSC70 isoforms together with smaller`cohort' proteins^are involved in the folding of newly synthesized proteins or in the repair of misfolded proteins [4] . Chaperones are also involved in the transport of proteins through membranes of mitochondria, chloroplasts, endoplasmic reticulum and lysosomes (review : [1] ), as well as through the nuclear pore complex [5] . They can also stabilize certain protein conformations, such as in steroid receptors in the case of the HSP90 family, or prevent the aggregation of proteins.
During stress, e.g. exposure to heat or chemical stressors (high salt, heavy metal ions, alcohols, reactive oxygen species and many other agents) as well as to biological factors (growth factors, hormones, viruses or bacteria) (review: [6] ), several members of the stress and chaperone gene families increase their expression and thus the amount of chaperones in the cell. The increased amounts of inducible HSPs and constitutive HSCs counteract the e¡ects of stress and lead to a transient increase of stress tolerance of the cell [7] .
During developmental processes such as the formation of gametes, spores or certain stages of embryogenesis, the constitutive expression or inducibility of stress genes has been shown to be altered (reviews: [8, 9] ). In mammalian cells, the expression of HSCs and induction of HSPs is generally lower in the di¡erentiated state than during exponential growth [10] . The expression of HSC70 and its translocation into the nucleus is enhanced particularly during S-phase [11] . The di¡erential expression of chaperones during di¡erent developmental stages has also been reported in fungi [12] . These stages consist mainly of the formation of vegetative or sexual spores and their germination and growth stages. Fungi o¡er advantages in the analysis of di¡erential gene expression because of the limited number of di¡erentiated states, which may often be controlled by exogenous factors.
Neurospora crassa, in particular, has been intensively analyzed with respect to the genetic control of development ( [13] , review: [14] ). At the same time, N. crassa has been well analyzed with respect to the di¡erent families of chaperones and stress proteins (reviews: [12, 15] ) and is thus well suited for analyzing di¡erential chaperone and stress gene expression during development and di¡erentiation. Therefore, this review will focus primarily on N. crassa, but will also discuss results obtained from other fungi.
Stress gene expression during developmental stages
of N. crassa and other fungi
Developmental stages of N. crassa
The asexual developmental cycle of N. crassa (Ascomycetes) may be divided into four main stages: (a) dormant macroconidia (vegetative spores, termed conidia below), representing a resting stage resistant against environmental stress; (b) germinating conidia, a transient stage of a few hours which develops after suspension of conidia in water; (c) vegetative hyphae, which grow and branch within a substrate and form large horizontal mycelial mats; (d) aerial hyphae, branching upwards from the vegetative mycelium and forming conidiophores which bud to forms conidia (reviews: [13,16^18] ). In addition, one may distinguish a stationary state of vegetative hyphae which develops after exhaustion of the nutrients.
Germinating conidia are characterized by a large increase in the protein synthesis rate and a particularly high expression of genes involved in amino acid synthesis, ribosomal components and assembly, respiration and chromatin structure [19, 20] . The control mechanism for the coordinate activation of di¡erent genes during germination may be similar or identical to the coordinate activations after nutritional shifts [19] .
Although aerial hyphae are probably protoplasmically continuous with the vegetative hyphae by means of pores within the septa, the two types of hyphae are biologically and biochemically distinct: for example only aerial hyphae^and the later developing conidia^express NADase [17] . Many other genes are found to be di¡erentially expressed in vegetative and aerial hyphae as well as in conidia [14, 20, 21] .
Several genes are known to be activated during conidiation which are not active during vegetative growth. Some of these genes have been cloned and sequenced. A detailed developmental program has been described by Springer and Yanofsky [13] which involves sequential gene activation and inactivation. Further developmental steps of aerial hyphae, such as minor and major constriction budding and formation of connectives, can be blocked by mutational defects in speci¢c genes (review: [18] ).
Dormant spores
Dormant asexual spores of N. crassa (conidia) were reported to contain stores of hsc/hsp mRNA. These conclusions depended on experiments in which spores were suspended directly in nutrient-containing medium at 45³C. The germinating spores synthesized the major HSPs within 30 min even though they did not incorporate detectable amounts of [
IR C]uracil into RNA until after 60 min of incubation at this temperature [22] . More recent analyses with a homologous grp78 probe did not reveal signi¢cant levels of this mRNA in dormant conidia (Fig. 1a) . It thus remains to be clari¢ed whether chaperone gene mRNAs are stored during dormancy. The same applies to the question whether or not larger amounts of HSPs are present in dormant conidia. PlesofskyVig and Brambl [22] did not detect signi¢cant quantities of [
QS S]methionine-labeled HSPs which had been incubated with the radioactive amino acid during spore formation, whereas the amounts of HSC70 determined by Western blot analysis and ELISA turned out to be rather high (Fig. 1c) .
mRNA of hsp30, the homologue of the small Kcrystalline-like stress genes, was detected in mature ascospores of N. tetrasperma [23] . hsp mRNA was also not detected in the zoospores of Blastocladiella emersonii, despite the fact that some other mRNA species were apparently stored in the spores [24, 25] . The same result was obtained in Leptosphaeria maculans [26] . No hybridization signal was detected in dormant spores with probes for hsp90 and hsp70 as well as with peroxidase cDNA. A high constitutive level of hsc70 mRNA was found in the spores of the oomycete Bremia lactuae [27] . However, it is not clear whether this is a result from pre-or post-sporulation processes because these spores are not dormant. In conclusion, the question whether dormant spores contain stores of hsc mRNA or HSCs or both cannot be answered generally. Fig. 1 . Di¡erential gene expression of HSP70 family members during development and di¡erentiation of N. crassa. a: mRNA level of constitutive grp78 (white columns) and inducible hsp70 (hatched columns) as determined by Northern blots and their densitometric evaluation (means of three experiments þ S.D.). b, mRNA of L-tubulin as control. Ordinate : relative mRNA content related to the grp78 mRNA content in early aerial hyphae (ea = 100%). Abscissa : time after start of conidia germination in hours. dc = dormant conidia, ea = early aerial hyphae (about 4^8 h after beginning of aerial hyphae formation), la = late aerial hyphae (about 18^24 h after beginning of aerial hyphae formation). b: mRNA level of constitutive grp78 (white columns) and inducible hsp70 (hatched columns) after exposure to heat shock (45³C, 1 h) as determined by Northern blots and their densitometric evaluation (means of 3 experiments þ S.D.). Ordinate as in a, related to the hsp70 mRNA of early aerial hyphae (ea = 100%). Other details and abscissa as in a, after [33] . c : HSC70 level (white columns) and HSP70 level after heat shock (45³C, 1 h) (black columns) as determined by Western blots and their densitometric evaluation. b, actin content as control. Ordinate : relative heat shock protein content related to HSC70 of dormant conidia (dc = 100%). Abscissa as in a and b, right : hours after beginning of aerial hyphae formation, after [30] .
Germinating spores
Germinating conidia of N. crassa show increasing amounts of grp78 mRNA. The increase was, however, paralleled by increasing amounts of tubulin mRNA, indicating a general growth-dependent increase of transcription during the beginning of germination (Fig. 1a) . In a pilot study, the expressed sequences from conidial mycelial and sexual stages of N. crassa were analyzed. The results indicated di¡erences in the general gene expression pattern and in that of stress genes such as the grp78 homolog (in mycelia) and the Pir1 protein, required for tolerance of heat shock (in germinating conidia) [20] . The amounts of heat-inducible hsp70 mRNA increased after heat treatment, as concluded from heterologous Northern blots with a Drosophila hsp70 probe (Fig.  1b) . The amount of HSC70 (the major isoform of the HSP70 family in N. crassa, [28] ) diminished in germinating conidia by about 50% within the ¢rst 4 h (Fig. 1c) . Gel shift experiments with germinating conidia indicated that the heat shock factor (HSF) is present in a less mobile^probably inactive^form (U. Meyer, unpublished observations).
Upon heat shock, germinating conidia synthesized and degraded heat shock mRNA for hsp30 and hsp83 with faster kinetics as compared to vegetative mycelia. Resumption of normal protein synthesis during continued heat shock exposure may also rely on di¡erent transcriptional (conidia) or translational (mycelia) control mechanisms in the two different stages of development [29] .
Germinating ascospores of N. tetrasperma are only capable of a strong response to heat shock until 5 h after stimulation to germinate [23] . In B. emersonii, synthesis of various HSPs was induced by heat shock during the germination of spores: the induction of HSP24 appeared to be speci¢c for this stage and occurred only 45 min after germination begins [24] . The highest constitutive amounts of hsc70 and hsc80 transcripts in L. maculans were found in germinating spores, a state which might be associated with stress, because Leptosphaeria's invasion of the host plant takes place during germination [26] .
Not all germinating spores seem to be immediately capable of a complete heat shock response. It remains to be elucidated at which stage of germination the constitutive and induced synthesis of hsc/hsp mRNA begins and which transcription factor(s) are involved in the acquisition of the response.
Vegetative hyphae
During the exponential growth phase of N. crassa about 24^36 h after inoculation of the cultures, the amount of grp78 mRNA in vegetative hyphae reaches a maximum and then declines when the cultures enter the stationary state (Fig. 1a). A maximum in the level of HSC70 was also observed during exponential growth (Fig. 1c) , which was con¢rmed by ELISA measurements [30] . This increase was not observed for the mRNA of the heat-inducible hsp70 upon heat shock treatment (Fig. 1b) .
In Saccharomyces cerevisiae, the mRNA levels of ssa1 and ssa2 (cytosolic constitutive hsp70 homologues) increases during growth until the diauxic shift and then decreases [31] . In the yeast Candida albicans, the constitutive level of hsp90 mRNA increases transiently in the middle of exponential growth [32] . Apparently, the presence of constitutive HSCs is necessary for normal growth, as shown with hsp70 mutants in S. cerevisiae or with HSF mutants in Schizosaccharomyces pombe (review: [12] ). In general, an increase in the amount of constitutive HSCs during proliferation is observed in fungi as well as in mammalian cells (see Section 1). The question whether HSCs are controlling or sustaining factors of growth, however, remains unresolved.
Stationary state
In N. crassa the amount of grp78 mRNA as well as the total and cytoplasmic amount of the major HSC70 decline during stationary state [30, 33] , whereas the amount of heat-inducible hsp70 mRNA upon heat shock did not change much (Fig. 1b) . In S. cerevisiae, several stress genes were shown to change their expression during stationary state ( [31] , review: [12] ).
Aerial hyphae
Northern blot analysis of early and late aerial hyphae of N. crassa revealed the largest amounts of grp78 in late aerials in which conidia were formed (Fig. 1a) . This was also observed for the amounts of inducible hsp70 mRNA after heat shock (Fig. 1b) . A corresponding increase of HSC70 levels during normal temperature and HSP/HSC70 levels after heat shock was observed by Western blot (Fig. 1c) or ELISA measurements [30] . These results indicate that not only the constitutive expression of chaperones but also induced HSP synthesis increased strongly during conidia formation.
The increased expression of hsp26 and hsp84 detected in sporulating cells of S. cerevisiae was, however, not associated with sporulation, but rather with nitrogen starvation, as experiments with non-sporulating strains revealed. A disrupted hsp26 gene did not impair normal sporulation in yeast cells, whereas the heat-inducible ubiquitin gene (ubi4) appeared to be necessary for the sporulation process in [12] .
The constitutive level of hsc70 mRNA synthesis in the aquatic fungus B. emersonii increased transiently during sporulation [24] . In the oomycete Achlya ambisexualis, the formation of gamete-bearing structures can be induced by the Achlya steroid hormone antheridiol, which also induces two hsp70 mRNA species [34] . One of these may be the Achlya grp78 homologue, because it can be regulated by a decreased glucose content. The formation of gametebearing structures of Achlya is correlated with an intense branching of lateral hyphae, which may be compared to the formation of aerial hyphae in Neurospora. Northern blot experiments with L. maculans showed that the constitutive hsc70 and hsc80 mRNA levels increased only slightly during sporulation [26] .
In summary, it appears that di¡erentiation processes, e.g. the formation of spores, can strongly increase the expression of hsc/hsp genes.
Control mechanisms
What are the putative signals and transcription factors involved in the di¡erential expression of stress genes? Developmental cycles in fungi are often controlled by stress factors (starvation, light, temperature, humidity), which in turn alter intracellular signals (second messengers). They may then act directly or indirectly on transcription factors and on the expression of chaperone or stress genes. Di¡erentiation of spores is also controlled by endogenous mechanisms which act via transcriptional activation sequences and second messenger concentrations.
Stress factors
Formation of aerial hyphae is triggered by environmental stress such as oxygen exposure, light, desiccation, starvation [17] or heat shock [35] . Since aerial hyphae are exposed to air, their redox state appears more oxidized [36] . A concomitant increase in reactive oxygen species may then induce higher activity of hsp genes comparable to the induction by H P O P [37] . In acon-2, a developmental mutant of N. crassa (review : [18] ), the formation of conidia and thus the higher expression of hsc70 and grp78 is delayed for more than 24 h compared to the wildtype even though the aerial hyphae are equally exposed to air [30, 33] . This is not compatible with the assumption that the induction of hsp genes depends on a certain time of exposure to oxygen.
Another stressor^starvation^may act particularly on aerial hyphae, because the supply of nutrients may be limited by the transport from the vegetative mycelium to the aerial hyphae. Starvation is known to induce grps after a considerable time lag [38] and has been shown to enhance the mRNA level of grp78 in vegetative hyphae [39] . However, the acon-2 results [30] also make the starvation hypothesis unlikely.
Intracellular signals
The activity of hsp genes may be in£uenced directly or indirectly by changes in the level of cAMP as reported in mammalian cells [10] . The expression of several stress genes in S. cerevisiae also seems to be regulated by the level of cAMP, mainly in an inhibitory manner: for example, ssa3, a hsp70 isoform, hsp12, ubiquitin, catalase T and hsp41 (review: [12] ). Endogenous changes of cAMP were observed during the development of N. crassa and indicated an inverse correlation with the level of hsp expression [30] . Changes in cAMP concentrations also seem to play a role in the germination of spores [19] . cAMP may act on cAMP-responsive elements (CREs) or related sequences by phosphorylation of the binding protein (CREB) through the activated cAMP-dependent kinase. cAMP may also in£uence the expression of hsp genes indirectly by in£uencing mitogenic pathways, as was observed in mammalian cells [10] . The possibility that mitogenic signals stim-ulate certain chaperone genes may not only occur during exponential growth but also during the di¡er-entiation of conidia, because conidiophores of N. crassa show a transient increase in mitotic activity [40] .
Attempts to verify the cAMP control of hsp expression in Neurospora have failed so far: the adenylate cyclase-defective mutant crisp did not show signi¢cantly higher amounts of HSC70 compared to the wild-type [30] . Other second messengers, such as cGMP and calcium have not been tested with respect to their in£uence on stress gene expression.
Transcription factors
The most prominent transcription factor involved in the stress response is the heat shock transcription factor (HSF). HSF binds speci¢cally to its corresponding DNA-binding site, the heat shock element (HSE). HSEs are composed of at least three conserved NGAAN (alternating with its complementary sequence NTTCN) nucleotide repeats. The HSF of the budding yeast S. cerevisiae is responsible not only for heat-induced transcription, but to a certain degree also for the constitutive transcription of stress genes containing HSEs in their promoters. During heat shock, a change in the phosphorylation state of HSF is observed. This phosphorylation inhibits the transcriptional activity of HSF after stress-induced activation [41] . It is not yet clear whether developmental changes take place in HSF activity. During conidia germination, only the less active form was observed in gel shift assays (U. Meyer, unpublished observations).
The transcriptional control of glucose-regulated genes, such as grp78 (kar-2), is mainly achieved by the unfolded protein response element (UPRE) which is represented in yeast by a 22-bp DNA recognition sequence. UPRE is bound by the HAC1 transcription factor. In S. cerevisiae, HAC1 is responsible for the induction of the kar-2 gene in response to unfolded proteins present in the endoplasmic reticulum. Unlike the HSF, HAC1 is present only in stressed cells. HAC1, together with a co-activating complex involving an acetyltransferase, leads to transcriptional activation. Deletion of the UPRE make the cells unable to react to perturbed protein folding of endoplasmic reticulum located proteins.
Possibly, a wave of newly synthesized proteins occurs during spore di¡erentiation, which results in increased amounts of unfolded proteins and subsequently higher activities of HAC1^as well as of HSF [42, 43] .
A HSE/HSF-independent stress response pathway was found with several yeast genes, especially with DDR2 (DNA repair enzyme) and CTT1 (cytosolic catalase), but also with the HSP12 gene. A so-called stress response element (STRE; sequence AGGGG or CCCCT) was identi¢ed in the promoter of these genes (review: [44] ). The STRE is involved in the signaling of di¡erent types of stress, including heat shock, high osmolarity and nutrient starvation. High osmolarity stress is triggered by the high osmolarity glycerol (HOG) pathway, a MAP kinase cascade [45] , whereas cAMP is involved in starvation signaling [46] . A decrease in cAMP and hence in protein kinase A activity leads to an increased level of STRE-directed transcription of CTT1 and HSP12. A similar regulation was found for the hsp70 homolog ssa3 during the starvation-induced transition to the stationary growth phase. Because starvation is a common inducer of fungal di¡erentiation, an involvement of this pathway in hsp/hsc induction during di¡erentiation appears possible. The grp78 promoter of N. crassa contains several STREs (C. Monnerjahn, unpublished results). It is unclear, however, whether they are functionally active and whether starvation plays a role in the di¡erential expression of hsp/hscs (see above).
Information about cis-acting elements in development has come from the analysis of conidiation-speci¢c (con) gene promoters. A conidiation response sequence (CRS-B) was found in the promoters of con6, con10, albion1 and eas/ccg2, whose deletion leads to a 4^5-fold decrease of transcripts in conidia. Further promoter regions which function as mycelial repressors or general enhancers were identi¢ed in con10 [47] . The CRS-B element, however, was not detected in the grp78 promoter and can thus not be responsible for the developmental changes of grp78 (C. Monnerjahn, unpublished observations).
At present, it is not possible to deduce a model of hsc/hsp gene regulation during development and differentiation on the basis of the known hsc and con transcription control elements.
